Using segmented contact measurements to determine gain versus quasi-Fermi level separation and nonradiative recombination we demonstrate that placing a multiquantum barrier (MQB) within the p-type cladding of 670 nm AlGaInP laser diodes reduces electron leakage current as a function of quasi-Fermi level separation compared to otherwise identical reference devices. At 300 K, where thermally activated leakage is absent, devices with and without a MQB have the same threshold current density whereas at 375 K the threshold current density of a 320 µm laser is reduced by 1735± 113 A cm GaInP/AlGaInP quantum well lasers emitting in the 620-690 nm wavelength range have a wide range of professional and consumer applications but are severely limited at high temperature or high power, particularly at the short wavelength end of the range, by the thermally activated leakage of electrons.
1,2 One method to overcome such leakage current-the multiple quantum barrier (MQB)-was originally suggested by Iga 3 and has been employed, with differing degrees of success, in laser structures fabricated from several different material systems including AlGaInP (e.g., Refs. 4 and 5). The MQB is incorporated into the p-side cladding region for the reflection of electrons in a manner analogous to the reflection of photons by a Bragg grating. It consists of thin (usually a quarter of the electron wavelength thick) layers of alternately large and small band gap material resulting in the formation of allowed and forbidden energy bands. The energetic position of these relative to the conduction band profile can be controlled by careful choice of well and barrier widths to enable a forbidden energy band to be aligned with the top of the cladding layer, which, along with an initial thick anti-tunneling layer, can lead to a virtual increase in the height of the electron potential barrier.
Although reductions in the threshold current of redemitting lasers that include MQBs have been reported it is not always clear that the origin of the improvement is a reduction in the leakage current. 6 In this work we compare the performance of a laser structure incorporating a MQB and a reference structure where the MQB is replaced with a layer of equivalent refractive index. We fully characterize both structures using the recently developed segmented contact method 7 and show that the presence of a MQB does indeed improve performance by reducing thermally activated leakage current.
The two samples were grown by low pressure (150 Torr) MOCVD and both consisted of a 68-Å-wide single quantum well of Ga 0.41 In 0.59 P emitting at 670 nm with a 900-Å-wide layer of ͑Al 0.3 Ga 0.7 ͒InP on either side constituting the waveguide core. The MQB sample had an electron reflector in the p-cladding adjacent to the waveguide, which consisted of an initial anti-tunneling structure followed by six repeat cells of ͑Al 0.7 Ga 0.3 ͒InP barriers and ͑Al 0.3 Ga 0.7 ͒InP wells, both of which were 42 Å wide. This 3 / 4 structure, incorporating indirect band gap material, was designed to produce an enhanced potential barrier to both gamma and X-band electrons. For the control sample an equivalent p-cladding layer with the average composition of the MQB was grown which consisted of a 945 Å layer of ͑Al 0.51 Ga 0.49 ͒InP. Both samples also had an equivalent structure placed on the n-side so that the waveguide was symmetric. An additional 9000 Å of ͑Al 0.7 Ga 0.3 ͒InP cladding layer was grown outside of the core structure. The MQB structure is represented in schematic form in Fig. 1 .
Threshold current measurements under pulsed operation (300 ns pulse, 1 kHz repetition rate) were made on both samples in the temperature range from 200 to 400 K for 50-µm-wide oxide isolated stripe devices with lengths of 320, 450, 600, and 750 µm. Results for the 320-and 450-µm-long devices are shown in Fig. 2 2 , respectively, at 375 K. These differences were markedly smaller for longer devices. This behavior, where the threshold current is the same at low temperature but where a difference becomes apparent at higher temperature, is consistent with two structures having similar quantum wells but a different thermally activated leakage process. Furthermore, as the device length is reduced, the quasi-Fermi level separation necessary to achieve the threshold gain requirement increases, and the thermally activated leakage component of total current becomes more prevalent. 8 The results obtained, where the largest reduction in threshold current density occurs for shorter devices at higher temperatures, indicates that the MQB is suppressing thermally activated leakage current.
Measurements of threshold current alone provide limited evidence of the beneficial effects of a MQB because they may be affected by variations in optical loss and well width. To eliminate any influence of these factors on our results we have studied the characteristics of samples fabricated from the two structures in more detail using the segmented contact method. 9 We have determined the modal gain, internal optical mode loss, spontaneous emission, and quasi-Fermi level separation as a function of drive current density, over a range of temperatures to coincide with the previous measurements and, as before, used 300 ns pulses with a 1 kHz repetition rate. In particular, we focus on three temperatures, (a) 300 K, where Jth data indicated little or no difference between the two samples, (b) 340 K, where a small difference was observed for 450 µm devices, but a more significant difference was seen for the 320 µm devices and (c) 360 K, where the largest difference is observed for both lengths of device.
The internal optical mode loss, ␣ i , was found to be the same, within experimental uncertainty, for the two structures, being 5.0± 2 and 4.5± 2 cm −1 for the control and MQB sample, respectively. The quasi-Fermi level separation at each drive current and temperature was determined from the transparency point on each gain spectrum 7 and the radiative current density was derived from the true spontaneous emission spectra where the measurements in arbitrary units were calibrated using the assumption that the inversion factor is unity at low energy. 7 The total drive current density was calculated from the current used in the experiment and the device area.
The thermally activated leakage of electrons from the quantum well of a device is controlled by the energy of the electron quasi-Fermi level. 9 For like structures one would expect the electron quasi-Fermi level to be similar for comparable values of the quasi-Fermi level separation. In this single pass, segmented contact experiment where stimulated emission is negligible, 7 the difference between the total drive current density and the radiative current density is the nonradiative current density.
Nonradiative current density versus ͑⌬E F -E trans ͑T͒͒ is plotted at 300 K in Fig. 3 and at 340 K and 360 K in Fig. 4 . The inclusion of the temperature-dependent transition energy, E trans , obtained from photovoltage spectroscopy performed on the laser devices, removes any difference in ⌬E F caused by nonidentical active regions of the two structures.
At low temperatures the nonradiative current density is made up primarily of Shockley-Read-Hall recombination within the quantum well which might be expected to be comparable for the two structures and this is what is observed in Fig. 3 for data taken at 300 K and is also the case for data taken at 250 K (not shown). At higher temperatures we expect thermally activated leakage to be a substantial factor in the nonradiative current density and if the MQB is suppress- 2005) ing the thermally activated leakage we would expect the total nonradiative current density to be different for the samples with and without the MQB and this is what is observed in Fig. 4 at temperatures of 340 and 360 K. To quantify this we consider the conditions necessary for operation of our 320-and 450-µm-long devices and relate the threshold current density data obtained from the laser devices with the nonradiative data obtained from the segmented contact measurements. We use the relation that at threshold the modal gain, G, minus the internal optical loss ␣ i , for a laser chip of length L is equal to the mirror loss ␣ m , i.e.,
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where the reflectivity of the mirrors is taken to be 0.29. For the shorter devices of interest in this study, with lengths 320 and 450 µm, this corresponds to values of ͑G-␣ i ͒ of 38.7 and 27.5 cm −1 , respectively. These values can be equated into values of quasi-Fermi level separation using the Gain-⌬E F -E trans ͑T͒ characteristics obtained from the segmented contact data which can then be translated further into values of nonradiative current density. At 340 K, Fig. 4 shows that for both 450 and 320 µm device lengths of interest, corresponding to ͑⌬E F -E trans ͑T͒͒ of 31.6± 1.6 and 51± 1.6 meV, respectively, there is a reduction in nonradiative current density for the MQB sample of 168± 25 A / cm 2 for 450 µm devices and 449± 67 A / cm 2 for 320 µm devices. At 360 K, for a 450 µm device with ͑⌬E F -E trans ͑T͒͒ of 0.0357 eV, the nonradiative current density for the MQB and control samples is calculated to be 2639± 396 and 3025± 454 A / cm 2 , respectively, a decrease in nonradiative current of 13% for the sample containing the MQB. To obtain G-␣ i of 38.7 cm −1 at 360 K using the large area segmented contact structures required drive currents in excess of those obtainable from our experimental apparatus. For this reason we were unable to make a comparison of 320 µm devices at this temperature. The difference in threshold current density for the devices with and without the MQB measured at 340 and 360 K are the same as the differences in nonradiative current density described earlier within the experimental uncertainty. This confirms that the reduction in threshold current density at high temperatures achieved by incorporating a MQB is due to a reduction in the thermally activated leakage current.
To summarize, we have investigated the performance of AlGaInP laser diodes with and without a MQB in the p-cladding. From threshold current density measurements we found, at higher temperatures, a reduction in threshold current density for the MQB sample compared to the control sample. Further analysis, using segmented contact data, indicated that this reduction in threshold current for a 450 µm laser device corresponded directly to a 13% reduction in nonradiative current density. This work has thus shown that by placing a MQB into the p-cladding layer of an AlGaInP 670 nm device, the amount of thermally activated electron leakage current density can be reduced.
